1. Introduction {#sec1}
===============

The amount of organic waste produced by society is increasing, alongside a growing demand for fuels and chemicals. Currently, fuels and chemicals are mainly produced from fossil resources, and production of such from food crops such as corn, sugar cane, and palm are expanding.^[@ref1]^ The vast consumption of fossil resources contributes greatly to global warming and air pollution. Increasing use of food crops for fuel and chemical production may, on the other hand, compete with human food production.^[@ref2]^ An alternative and more sustainable feedstock is needed to support our fuel and chemical consumption.

Mixed organic waste is a promising feedstock for fuel and chemical production.^[@ref1],[@ref3],[@ref4]^ It refers to an organic waste stream with a highly heterogeneous composition, for example, food supply chain waste, industrial process food waste, and organic fraction of municipal solid waste (OFMSW).^[@ref1],[@ref5]^ Mixed organic waste is generated in large quantities worldwide. It usually contains large amounts of readily biodegradable organic matter and various nutrients that are essential for biotechnological applications. The challenge, however, is to produce high value end-products from mixed organic waste to make the process more economically attractive than the current practices, for example, anaerobic digestion producing biogas and composting into soil amendment.^[@ref6],[@ref7]^ There is a growing interest in producing bulk chemicals from mixed organic waste. It is argued that using organic waste as substrate for bulk chemicals yields higher value products than using it for heat, electricity and fuel.^[@ref3],[@ref4],[@ref8]^ Bulk chemical production from organic waste is even more attractive when targeting an emerging platform chemical with a relatively small and specific niche market. This is because market potential is already guaranteed, and the economic competition from an established chemical process for the market is less threatening.^[@ref6]^ Although the relatively small market potential, to certain extent, may limit short-term application of these waste-to-chemical bioprocesses, the increased availability of other applications^[@ref9]^ may continue the impact of chain elongation.

Caproic acid is an emerging platform chemical that can be produced from low-grade mixed organic waste, as recently demonstrated in both lab-^[@ref10]−[@ref14]^ and pilot-scale systems, at high rates and specificities.^[@ref15]^ Here we refer to caproic acid in its undissociated form, and to caproate in its dissasociated form. Caproic acid has a wide range of applications. It can be used directly as feed additives,^[@ref16]^ antimicrobials^[@ref17]^ and plant growth promoters.^[@ref18]^ It can also be used as a precursor to various commodities including lubricants, fragrances, paint additives and pharmaceuticals.^[@ref8],[@ref15],[@ref19]^ Currently, caproic acid is produced from food crops like palm and coconut, with oils containing less than one percent of caproic acid. Although the caproic acid produced from food crops is commercially available, the low caproic acid content in these crop oils leads to a high price and a limited market. Recently, an industrially applicable caproic acid production process using mixed organic waste as a feedstock was developed and implemented, based on a microbial fermentation process, that is, chain elongation via reversed β-oxidation pathway.^[@ref20]^ In chain elongation, short-chain fatty acids (SCFAs; saturated fatty acids containing less than six carbons) and ethanol are converted by microorganisms into medium-chain fatty acids (MCFAs; saturated fatty acids containing six to 12 carbons). It was found that chain elongation can be performed under a nonsterile condition and in a continuous production mode.^[@ref10],[@ref14]^ Moreover, the use of SCFAs, like acetate and butyrate, in chain elongation yields caproate as the most dominant end-product with a high production rate and specificity.^[@ref21],[@ref22]^ Both acetate and butyrate are the main intermediates from anaerobic degradation of mixed organic waste like OFMSW. Ethanol addition during the anaerobic degradation of OFMSW has been shown to stimulate chain elongation of these SCFAs and the added ethanol to caproate as the main end-product.^[@ref12],[@ref13]^ The highest caproate production rate via this process was 26 g/L/day with a concentration up to 12.6 g/L, which approximates the solubility of caproic acid in water and is advantageous to the downstream processes.^[@ref13]^ A caproic acid production process using mixed organic waste and ethanol was thus developed. Four factors, namely the high caproate concentration, the high caproate production rate, the use of a mixed organic waste and the possibility to operate under a nonsterile condition make this caproic acid production process attractive and industrially applicable. Thus, a spin-off company from Wageningen University, ChainCraft B.V. (Amsterdam), has developed this proven technology into a pilot-scale system that continuously converts food processing waste and ethanol into economically viable caproic acid.

Continuous caproate production via chain elongation was demonstrated for the first time in 2011.^[@ref14]^ Since then, several studies were completed to promote MCFA production from low-grade waste via chain elongation. Most of these studies addressed the substrate range,^[@ref12],[@ref13],[@ref23]−[@ref28]^ the bioprocessing,^[@ref10],[@ref11],[@ref21],[@ref22],[@ref29]^ the microbiology^[@ref23],[@ref30]^ and the downstream processes.^[@ref31]−[@ref33]^ Recent review articles on chain elongation also focus mostly on these aspects.^[@ref15],[@ref34]^ Surprisingly, the environmental performance of this "sustainable" bioprocess has not been addressed in any of these studies. Analyzing the environmental sustainability of an emerging technology during its early stages is beneficial not only for orienting the future development toward an improved environmental performance, but also for supporting decision-making during the implementation, process design and commercialization stages.^[@ref35]^ Life Cycle Assessment (LCA) has been widely applied to assessing the fuel and chemical production from biomass;^[@ref36]−[@ref38]^ the importance of applying LCA for improving the emerging biobased production processes was also addressed in literature.^[@ref1]^

This study, therefore, aims to quantify the life-cycle environmental impacts of caproic acid production from mixed organic waste via chain elongation, and use the outcome to propose key factors for improving the environmental sustainability of this process. To this end, an early stage, gate-to-gate and attributional LCA was performed to quantify the environmental impact associated with the caproic acid production based on the existing chain elongation business case, that is, caproic acid production from mixed organic waste and ethanol. The result may help to identify environmental impact "hot-spots" within the life cycle of caproic acid production from organic waste or provide a benchmark for comparison with other existing processes.^[@ref35]^ The potential outreach of the LCA outcome may provide environmental sustainability as an additional perspective for orienting future research on chain elongation as well as providing a basis for strategic improvement advices, which could prove vital to industrial producers of caproic acid.

2. Materials and Methods {#sec2}
========================

2.1. Life Cycle Assessment (LCA) {#sec2.1}
--------------------------------

The goal of this LCA is to quantify the environmental impact associated with caproic acid production from mixed organic waste via chain elongation. An attributional LCA was selected based on existing guidances.^[@ref39],[@ref40]^ The functional unit (f.u.) is 1 kg of caproic acid (Purity \>99%) produced from mixed organic waste and ethanol via chain elongation. A gate-to-gate life cycle of the caproic acid production is assessed. The gate-to-gate life cycle starts from the organic waste arriving at the caproic acid production site and ends with the product leaving the caproic acid production site. Environmental impacts associated with all waste treatments during the defined gate-to-gate life cycle are included. The emissions and environmental impacts associated with the generation of mixed organic waste, which is used as feedstock, are not considered. The reason for such exclusion is further elaborated in the [Supporting Information (SI)](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf).

Data for the life cycle inventory (LCI) were collected from, in order of preference, internal data that were published,^[@ref13],[@ref41]^ existing literature,^[@ref19],[@ref20]^ internal data that were not published and personal communications with industrial producers and experts (see [SI Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf)). The information required to carry out the life cycle impact assessment (LCIA) was sourced from literature and the Ecoinvent 3.1 database.^[@ref42]^ The characterization method used was CML-IA baseline V3.02/EU25. Global warming potential (GWP; CO~2~-equivalent/f.u.), Eutrophication potential (EP; PO~4~^3--^-equivalent/f.u.), and acidification potential (AP; SO~2~-equivalent/f.u.) were the selected impact categories based on the existing guidance^[@ref43]^ and data availability. An overview of the data used in the LCIA is available in [SI Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf).

2.2. Production System and Cases {#sec2.2}
--------------------------------

The assessed system consists of six main processes ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), which starts with the mixed organic waste and ends at the production of caproic acid. Two types of mixed organic waste were used for caproic acid production via chain elongation,^[@ref15]^ including the organic fraction of municipal solid waste (OFMSW)^[@ref12],[@ref33],[@ref41]^ and supermarket food waste (SFW) from the food residue processing industry (unpublished data). The SFW has been applied in a pilot-scale system (ChainCraft B.V., Amsterdam); the OFMSW was only applied in lab-scale bioreactor systems.^[@ref15]^ In this study, OFMSW and SFW are selected because we aim to use a low-grade, mixed and geographically widespread waste stream as the feedstock. Moreover, a large quantity of internal data using OFMSW and SFW for caproic acid production via chain elongation is available in our institute. The use of yeast-fermentation beer for producing caproic acid via chain elongation was demonstrated^[@ref10]^ but not included in this study, mainly because this raw, undistilled ethanol with a high ethanol titer (up to 152 g ethanol/L; ∼15%)^[@ref10]^ is not produced from a mixed organic waste stream. Based on the process data of OFMSW and SFW we possess, three cases were developed (see [SI Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf) for more details). They are the lab-scale system using OFMSW (Case LO), the lab-scale system using SFW (Case LS) and the pilot-scale system using SFW (Case PS). Part of the Case PS was simulated using the data from Case LS considering the available data from the pilot plant. A detailed description for the entire life-cycle for producing caproic acid via chain elongation is available in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf).

![Gate-to-product life cycle of caproic acid production assessed in this study. The life cycle starts at a mixed organic waste arriving at the caproic acid production site and ends at the caproic acid produced at the production site.](es-2016-06220e_0001){#fig1}

2.3. Sensitivity Analysis and Comparison to Other Studies {#sec2.3}
---------------------------------------------------------

A sensitivity analysis was performed to evaluate the sensitivity of the calculated life-cycle environmental impacts of the alternative materials/data and several proposed improvement strategies (see [SI Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf) for details). The three study cases, that is, LO, LS, and PS, were used as baselines for the sensitivity analysis. In addition, the results of the LCA are compared to other studies published in the literature that address the life-cycle impact of treating organic waste with mixed culture biotechnologies.

3. Results and Discussion {#sec3}
=========================

3.1. The Life-Cycle Impacts {#sec3.1}
---------------------------

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the sum as well as the breakdown of the overall life-cycle impacts of caproic acid production from mixed organic waste via chain elongation. The ethanol use in chain elongation (CE) is the dominant cause of environmental impact throughout all cases and impact categories assessed. The use of NaOH and HCl for neutralizing pH also contributed considerably to all three impact categories throughout the three cases. In Case LO (OFMSW in lab-scale system) and LS (SFW in lab-scale system), the extraction solvent used in the liquid--liquid extraction (LLEx) process was the dominant environmental impact source. In Case LO, the solid waste management had a considerably higher contribution to the life-cycle impact than Case LS and PS (SFW in pilot-scale system) due to the type of organic waste and biological acidification (BAc) used.

![Gate-to-product life cycle impact of 1 kg of caproic acid produced through chain elongation. Results are shown for global warning potential (GWP), acidification potential (AP), and eutrophication potential (EP) for each process used (in bold; see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) in each case (Case LO, LS, and PS; see [section [2.2](#sec2.2){ref-type="other"}](#sec2.2){ref-type="other"} and [SI Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf)).](es-2016-06220e_0002){#fig2}

A large quantity of ethanol (1.8 kg/f.u. in Case LO and 1.5 kg/f.u. in Case LS and PS) was added during CE as an essential substrate for a high-rate caproic acid production from organic waste via chain elongation. It is both a carbon source and an electron donor, which provides energy for the chain-elongating microorganisms.^[@ref15]^ The environmental impacts of the added ethanol account for at least 20% of the total life-cycle impacts for all impact categories in all cases. More than half of the impacts of the added ethanol originate from the feedstock production, that is, production of corn grains.^[@ref44]^ The use of 1 kg of corn-based bioethanol gives 1.6 kg CO~2~-eq GWP, of which 0.9 kg CO~2~-eq GWP (56%) resulted from the production and transportation of the corn grain. For AP and EP, 75% and 78% of the overall impact of 1 kg of corn-based bioethanol are associated with the production of corn grains, respectively. The high AP and EP are related to nitrogen and phosphorus emissions from the soil due to fertilizers application during cultivation.^[@ref45]^

There are three potential strategies for reducing the environmental impacts of ethanol addition. As the ethanol production system is beyond the system boundary of the present study, we therefore only discuss improvement strategies that can be implemented within our system boundaries. The first strategy is to stimulate the in situ ethanol formation within the organic waste during BAc. The ethanol consumption (1.8 kg/f.u.) and the ethanol concentration (19.3 g/L) required for caproic acid production in all cases were assumed to be the same. However, the amount of ethanol addition in Cases LS and PS is lower than that in Case LO, because there is in situ ethanol formation (up to 5.3 g/L; around 0.5 kg/f.u.) during the BAc of SFW. In contrast, during the BAc of OFMSW, there is hardly any in situ ethanol production.^[@ref13]^ The higher ethanol addition in CE in Case LO consequently increased the life-cycle impacts. Substrate composition,^[@ref46]^ pH^[@ref47]^ and headspace hydrogen partial pressure^[@ref46]^ are parameters that can affect the in situ ethanol production during BAc.^[@ref48],[@ref49]^ In SFW, there were likely more carbohydrates that are easily fermented into ethanol compared with OFMSW.^[@ref50]^ During the BAc of OFMSW and SFW, the pH was similar (between 5 and 5.5), and the hydrogen partial pressure in the headspace were not reported. Potential strategies that can stimulate in situ ethanol production during BAc may be further investigated.

The second strategy for reducing the ethanol addition is to improve the accuracy of the ethanol dose. Based on the currently known stoichiometry of the microbial chain elongation reaction,^[@ref10],[@ref20]^ 2.4 mol of ethanol and 1 mol of acetate is used to produce 1 mol of caproate. This means that the production of 1 f.u. requires 0.9 kg of ethanol (pure) in the most ideal condition, which is half of the totally available ethanol (i.e., the sum of the added ethanol and in situ ethanol formation) in all study cases. Thus, about half of the ethanol supply in CE in this study does not end in the final product. The ethanol that is not used for chain elongation to caproic acid either remains in the CE effluent, which is wasted, or it is consumed by other reactions during CE, for example, excessive ethanol oxidation to acetate and hydrogen that is not associated with chain elongation. This means that there is still room for reducing the ethanol addition via precisely controlling the ethanol dose during CE. However, the decreased ethanol dose may change the ethanol-acetate molar ratio in the medium, which was reported to be an influential parameter for caproate production in chain elongation.^[@ref51]^ In Grootscholten et al. (2014), 420 mM ethanol and 60 mM acetate (ratio 7:1) was used in the medium,^[@ref13]^ while in Liu et al. (2016) the highest used ratio was 3:1 (112.5 mM ethanol and 37.5 mM acetate).^[@ref51]^ The caproate concentration achieved in the former was much higher than that for the latter (12.6 g/L versus 3.3 g/L). The effect of reducing ethanol dose, therefore, should be carefully assessed.

The third strategy is to employ a substitute for ethanol in CE. Hydrogen,^[@ref14]^ renewable electricity,^[@ref52]^ methanol,^[@ref9],[@ref53]^ lactate^[@ref25],[@ref26]^ and ethanol from more renewable sources, for example, syngas fermentation broth^[@ref24]^ have been used to substitute the current ethanol use in CE,^[@ref24]^ though they are still in an early stage of development. Moreover, though not included in this study, undistilled ethanol with a high ethanol titers may be used as an alternative ethanol source for upgrading mixed organic waste into caproic acid,^[@ref10]^ provided that such stream is available on-site.

The use of NaOH in CE and HCl in CAc for adjusting pH contributed considerably to all three impact categories throughout the three cases. This is mainly due to the electricity used during the NaOH and HCl production process, i.e. the electrolysis of brine or so-called chloralkali process. The use of NaOH during the anaerobic fermentation of organic waste for propionic acid production was reported to contribute 11% of the life-cycle GWP,^[@ref54]^ which is similar to the result of this study. The use of this base cannot be omitted if a high-rate caproic acid production is targeted, as the pH drop induced by caproic acid accumulation inhibits the microbial activities. Continuous removal of caproic acid from the fermentation broth inside the CE bioreactor, for example, via an in-line liquid--liquid membrane extraction, may help reduce the use of NaOH.^[@ref10]^ A combination of the in-line extraction system and a membrane electrolysis for the caproic acid recovery can even further avoid the external supply of HCl in the chemical acidification (CAc) process, as the protons required to extract the caproic acid are produced in the electrochemical system.^[@ref55]^ However, such a system would require several membranes, which are manufactured via energy-intensive processes^[@ref56]^ and have to be replaced regularly. The trade-off between the additional impacts due to the use of membranes and the impact reduction due to the avoided use of NaOH and HCl should be carefully evaluated.

Case PS has a much lower life-cycle impact compared with Case LO and LS, mainly due to the recovery of a large portion of the extraction solvent (99% in Case PS versus. 90% in Case LO and LS). In the lab-scale system, the extraction solvent loss during LLEx and distillation (Ds) processes was assumed to be 5% of the total added solvent, respectively. A 90% solvent recovery was, therefore, assumed. This estimation was made to give the worst-case scenario. Based on this assumption, the extraction solvent consumption was the largest contribution to the life-cycle impacts in Cases LO and LS. This was due to both the high demand for solvent replenishment (1.7 kg/f.u.) and the high life-cycle impacts of the extraction solvent.^[@ref42]^ According to ChainCraft B.V., a solvent recovery efficiency up to 99% is feasible in the pilot-scale system. A similar solvent recovery efficiency, that is, 98.5%, was also assumed to be feasible in a previous study using a similar extraction system for recovering propionic acid from the fermentation broth.^[@ref54]^ If the solvent recovery efficiency can be up to 99%, the life-cycle impacts as well as the impact generated by the solvent consumption can be reduced significantly, as shown in the impact of LLEx in Case PS ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). However, the actual environmental impact that arose from the solvent consumption is quite uncertain and requires further investigation. This is because the distillation has not been performed in the lab-scale system, and the LLEx performed in the lab-scale system is not yet well developed.

In addition to the quantity of the solvent consumed, the data quality of the solvent is another uncertainty. In the current study, the life-cycle impact of ethyl caproate was simulated by using the life-cycle impact data of ethyl acetate derived from Ecoinvent 3.1. In Ecoinvent 3.1, the acetate required for manufacturing ethyl acetate is mainly produced from syngas, which is derived from the partial combustion of heavy fuel oil or coal, which are fossil-based. This combustion process contributed a large portion of the life-cycle GWP and AP of ethyl acetate. However, more environmentally sustainable acetate manufacturing processes using CO~2~ or organic waste as substrates are under development, the use of which may reduce the life-cycle impact of ethyl acetate considerably.^[@ref57]^ Alternatively, the environmental impact of ethyl caproate may also be estimated by using the result of this LCA. More specifically, part of caproic acid produced from organic waste via chain elongation can be used for manufacturing ethyl caproate to extract the caproic acid itself. Based on this study, the life-cycle impacts of producing 1 kg caproic acid is still higher than that of producing 1 kg ethyl acetate (2.6 kg CO~2~-eq for GWP, 0.02 kg SO~2~-eq for AP and 0.004 kg PO~4~^3--^ for EP). In the future, when the caproic acid production via chain elongation is further improved, the potential benefits of using caproic acid produced via chain elongation for making the extraction solvent may be of interest to be further studied. Besides ethyl esters, several extraction solvents, for example, biodiesel derived from residual kitchen oil,^[@ref33]^ or extraction process, for example, an in-line liquid--liquid membrane extraction,^[@ref10],[@ref11]^ a membrane electrolysis^[@ref31]^ and an electrodialysis with a bipolar membrane^[@ref46]^ have been applied to recover caproic acid. The environmental sustainability of these alternatives should be further investigated, although these separation techniques have only been demonstrated in lab-scale systems.

The overall life-cycle impact of using OFMSW as a feedstock (i.e., Case LO) is higher than using SFW as the feedstock (i.e., Case LS and PS) throughout the three impact categories assessed. This is mainly due to the higher ethanol addition in CE in Case LO, and partially due to the large quantity of solid waste that remains after the BAc process. A large quantity of solid waste (33.3 kg/f.u.) remained after the dry anaerobic digestion of OFMSW, due to the high lignocellulosic content in the OFMSW (90% volume-to-volume garden waste) that was difficult to degrade biologically. The lignocellulosic fraction of the OFMSW may have to be pretreated to be effectively degraded, which was not employed in the previous chain elongation study (from which we obtained the data). However, the application and selection of the pretreatment methods have to be carefully evaluated as the application of pretreatments before anaerobic digestion (BAc in this study) can increase the life-cycle impact especially the eutrophication potential as well as the life-cycle cost.^[@ref58]^

3.2. Sensitivity Analysis (SA) {#sec3.2}
------------------------------

Corn-based bioethanol was reported to have a poorer environmental sustainability, especially in GWP and nutrient use efficiency compared with other crops like sugar cane.^[@ref59]^ Sugar cane bioethanol is a potential alternative to corn ethanol as it is already commercially available at a large production scale.^[@ref60]^ In the SA ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), the use of sugar cane bioethanol in CE reduces the life-cycle GWP considerably. Sugar cane bioethanol was reported to have a considerably lower GHG emission compared with other crop-based bioethanol from different feedstocks.^[@ref59],[@ref61]^ This is likely due to the climate conditions where it grows and the crop properties. It is reported that, in general, temperate annual crops (like corn) have a lower productivity and net energy production compared with perennial crops growing in tropical zones (e.g., sugar cane in Brazil).^[@ref59],[@ref62]^ Given the same amount of plantation area, sugar cane in the tropical zone could yield up to two times more bioethanol than corn in the temperate region.^[@ref62]^ After replacing corn ethanol with sugar cane ethanol, the life-cycle GWP of all cases decreased significantly (\>12%), whereas the life-cycle AP and EP remained similar.

![Overview of the sensitivity analysis results for three impact categories (GWP, AP, and EP) and the three study cases (LS, LO, and PS), in terms of relative changes in the life-cycle impact compared with the baseline cases (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Negative values indicate a reduction in the overall life-cycle impact, whereas positive values indicate an increase in the overall life-cycle impact. We refer to [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf) for a detailed description of the strategies considered in the sensitivity analysis ([SI Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf)) and the results presented in terms of absolute value of the life-cycle impacts ([SI Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf)).](es-2016-06220e_0003){#fig3}

When using a fossil-based ethanol (produced via hydration of ethylene) instead of a crop-based bioethanol, the environmental impact is lower, especially for the AP and EP ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The reduction in AP and EP by using fossil-based ethanol was anticipated, as this has been reported in literature, mainly due to nutrient leaching and fertilizer application.^[@ref60],[@ref63]^ On the other hand, GWP of fossil ethanol is lower than that of corn ethanol. This corresponds to the outcome of previous studies^[@ref59],[@ref60]^ but is intuitively contradictory. A key reason for this may be the exclusion of the end-of-life of ethanol. When the end-of-life of ethanol is not included, fossil ethanol has a similar or, in some cases, lower life-cycle GWP compared to other crop bioethanol. However, when the end-of-life is included, bioethanol could have a lower GWP than fossil ethanol, because part of the carbon emission could be counted as biogenic carbon emission.^[@ref60]^ For fossil ethanol, all carbon emissions in the use phase and the end-of-life phase are accounted as nonbiogenic carbon that contributes to GWP, regardless of the purpose of the ethanol use. However, for crop bioethanol, the purpose of the ethanol use has a substantial influence on the GWP associated with the end-of-life of bioethanol. If bioethanol is used as a fuel and combusted, most of the carbon emitted is in the form of biogenic CO~2~ that does not have any GWP. In the case that bioethanol is not combusted but used as an additive or precursor to chemicals, for example, caproic acid in the present study, part of the bioethanol will end up in the water phase and eventually form methane via biological degradation (e.g., anaerobic digestion), which cannot be counted as a biogenic emission and thus contributes to GWP.^[@ref64]^ In the present study, the end-of-life of the ethanol is not yet included as the end-of-life of caproic acid is not within the system boundary (due to the various potential applications of caproic acid). In the future, when the life cycle of caproic acid production via chain elongation is assessed for a specified application, the feedstock as well as the end-of-life of the ethanol should be carefully addressed. For example, if the caproic acid is used as a feed additive and the caproic acid leaks into the environment due to the impropriate manure treatment, part of the caproic acid may end up as CH~4~ in the nature environment and contribute to GWP regardless of the feedstock for ethanol used for producing caproic acid. In contrast, if the caproic acid is used for making drop-in fuels,^[@ref15],[@ref19]^ caproic acid will end up as CO~2~ after the fuel combustion. In this case, GWP of this end-of-life CO~2~ is accounted for only if the caproic acid production process employs fossil-based ethanol rather than bioethanol.

Lignocellulosic bioethanol is an alternative ethanol source that is becoming increasingly available in Europe.^[@ref65]^ The use of lignocellulosic bioethanol produced from grass via saccharification and simultaneous fermentation (SSF) has a clear reduction on the life-cycle GWP, but the use of it increases the life-cycle AP ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). SSF is currently considered to be the most mature production process for lignocellulosic ethanol, which was therefore used in the Ecoinvent 3.1 database.^[@ref44]^ The higher AP could be attributed to the steam (i.e., heat) used to pretreat the grass to yield higher ethanol production. The energy or chemical, for example, sulfuric acid, used for pretreating lignocellulosic biomass could also be one of the main causes for the high life-cycle AP.^[@ref66]^ Overall, based on the present study, the use of lignocellulosic bioethanol produced from grass via SSF does reduce the life-cycle GWP but not the life-cycle AP and EP.

In addition to SSF, there are several emerging lignocellulosic ethanol production processes including the mixed culture syngas fermentation^[@ref67],[@ref68]^ and the consolidated bioprocessing (CBP).^[@ref69]^ The effluent of these emerging lignocellulosic ethanol production processes usually have a lower ethanol titer.^[@ref70]^ The lower ethanol titer makes them difficult to be used for the caproic acid production system in this study, considering the substrate dilution (e.g., SCFAs and ethanol) after the mixing of the BAc effluent with the dilute-ethanol solutions. Nevertheless, use of these dilute ethanol as a sole substrate for caproic acid production can be a potential alternative caproic acid production strategy. Caproic acid production from a dilute-ethanol solution from a syngas fermentation (around 11 g ethanol/L)^[@ref24]^ via chain elongation was demonstrated in lab-scale systems.^[@ref24]^ Even though a mixed organic waste was not used in such system, it is still of interest to study the life-cycle environmental impact of such system due to the use of a waste stream, that is, lignocellulosic waste^[@ref71]^ instead of crop-based ethanol for caproic acid production. We recommend that the future study also look into these systems where a dilute lignocellulosic ethanol solution is used as the feedstock for caproic acid production via chain elongation.

Reducing ethanol addition is another potential improvement strategy, as discussed in [section [3.1](#sec3.1){ref-type="other"}](#sec3.1){ref-type="other"}. Based on the stoichiometry of the chain elongation reaction, the maximum possible ethanol reduction (in the form of a 95% ethanol solution) is about 1 kg/f.u. for all cases. This reduction in ethanol dose leads to a substantial reduction of all life-cycle impacts throughout all cases, especially in Case PS where the ethanol use dominates the life-cycle impacts. The ethanol use efficiency, as well as the possible reduction on ethanol addition in CE, have not yet been specifically addressed in previous studies on chain elongation, to authors' best knowledge. Regarding the potentially substantial reduction of the life-cycle impacts, it is advised to study the maximal feasible reduction on ethanol addition.

The reuse of LLEx effluent in BAc is a potential improvement strategy, which reduces the water use for diluting the organic waste during BAc. The use of biogas produced during BAc as a CO~2~ supply to CE is another potential improvement strategy. In SA, both improvement strategies are evaluated (details in [SI Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf)). The result suggested a limited reduction on the life-cycle impacts in all cases and impact categories ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [SI Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf)). This is mainly due to the limited environmental impacts arose by the water and CO~2~ use during the entire life cycle. This confirms that future studies should first dedicate to the improvement strategies for the impact hot-spots such as the ethanol and extraction solvent use. In this discussion, we focused mainly on the SA for the ethanol use and the alternative process design; the discussion for other SA results is provided in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf).

3.3. Comparison with Other Studies {#sec3.3}
----------------------------------

Comparing the LCA outcome of this study with other competing technologies is of use to benchmark the technology assessed in this study. There are three ways to compare the outcome of this LCA with other studies (see also [SI Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf) for the studies used for the comparison in this section). The first is comparing it to other LCAs for caproic acid production processes using other feedstocks than organic waste, for example, palm oil. Both process data and LCAs for caproic acid production from palm oil are not available in literature, to authors' current knowledge. However, based on the currently known parameters, we can make a best-case estimation for the life-cycle impact of caproic acid produced from palm oil. Crude palm oil (CPO) does not contain any caproic acid, but the byproduct of CPO, that is, palm kernel oil (PKO), contains about 0.5 wt % caproic acid.^[@ref72],[@ref73]^ The life-cycle GWP of producing 1 tonne CPO is estimated to be up to 2305 kg CO~2~-eq (from plantations and mills, excluding land use change),^[@ref74]^ and around 100 kg PKO is produced as byproduct.^[@ref75]^ If we assume all caproic acid in PKO can be completely extracted and use a mass-based allocation, the GWP of caproic acid produced from palm oil is around 0.23 kg CO~2~-eq per kg caproic acid, excluding the impact arose from downstream processes (see [SI Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf) for the detailed estimation for the life-cycle AP and EP). Comparing with Case PS in this study, this estimation for the life-cycle impact of caproic acid from palm oil is considerably lower. However, there are many uncertainties in this estimation, including the effects of land use change,^[@ref76]^ the unknown impacts of the downstream processes, the actual extraction efficiency of caproic acid from PKO and a proper allocation of the life-cycle impact of CPO to the produced biodiesel and caproic acid. Further studies on the actual life-cycle impacts of caproic acid production from crude palm oil is needed to make a sound comparison. Nevertheless, based on this best-case estimation, substantial improvements for the life-cycle impact of caproic acid production from mixed organic waste via chain elongation are still needed.

The second is to compare it to LCAs of other novel products from organic waste via emerging biotechnologies, for example, polyhydroxyalkanoates (PHA). Gurieff and Lant (2007) reported an LCA study for PHA that can be used to compare with the present study.^[@ref77]^ The other LCA studies for PHA mostly used either a more homogeneous waste stream or a pure-culture bioprocess.^[@ref78]^ In Gurieff and Lant (2007), a 20 g-COD/L mixed wastewater stream from the food industry was used to produce PHAs using a mixed culture under a nonsterile condition. They report that the life-cycle GWP of PHA from a mixed wastewater stream is about 20.4 kg CO~2~-eq/kg PHA or 3.92 kg CO~2~-eq/kg-COD~feed~ (excluding the environmental benefits of displacing fossil-based polymers). In Case PS of this study, the life-cycle GWP of caproic acid is about 8.7 kg CO~2~-eq/kg caproic acid or 2.3 kg CO~2~-eq/kg-COD~feed~ (based on the COD in the SFW), which is lower than that of PHA reported by Gurieff and Lant (2007). The main reason to exclude the environmental benefits of PHA is due to the uncertain application of caproic acid. When the environmental impact of displacing an existing fossil-based polymer is accounted for, the PHA production from the mixed wastewater has a negative environmental impact, that is, it gains environmental benefits while treating the wastewater. It is, therefore, recommended to identify a specific application of caproic acid in future LCA studies to effectively evaluate the environmental credentials by caproic acid. An example can be the use of caproic acid as a feed additive, which improves the feed conversion efficiency and the health of livestock.^[@ref16]^ In this case, caproic acid can obtain environmental credentials through saving animal feed due to the higher feed conversion efficiency. Another interesting fact of this comparison (caproic acid versus PHAs) is the respective environmental impact hot-spots of both systems; namely the ethanol use in the caproic acid production and the electricity use in the PHA system for the downstream processes.^[@ref77],[@ref78]^ As the environmental impacts from electricity use can be significantly reduced by introducing renewable electricity, the life-cycle impact of PHA production via a mixed culture bioprocess can be significantly reduced by employing a cleaner electricity.^[@ref78]^ In contrast, ethanol use in caproic acid production is currently inevitable, though the ethanol dose may be significantly reduced. The development of alternative electron donors for chain elongation is of importance to improve the life-cycle environmental performance of the caproic acid production via chain elongation.

The third way is comparing this study to LCAs for other current ways of organic waste treatment, for example, anaerobic digestion (AD). AD has been implemented for treating organic waste, which yields biogas as a byproduct. According to a recent LCA of a large-scale AD on OFMSW, treating 1 kg OFMSW via AD generates 0.056 kg CO~2~-eq/kg OFMSW (recalculated from literature^[@ref79]^), excluding the avoided environmental burden of the produced biogas. Assuming that the OFMSW used in this AD study has a similar COD concentration as the OFMSW used in our study (0.55 kgCOD/kg OFMSW), the environmental impact of this large-scale AD treating OFMSW is about 0.1 kg CO~2~-eq/kg COD~OFMSW~, considerably lower than that in Case PS. A similar result was reported by Gurieff and Lant (2007) when they compared the PHA production and AD for treating a mixed food industrial wastewater without crediting the end-products.^[@ref77]^ The system scales may be a factor contributing to the significant difference in the environmental performances of these bioprocesses. It is known that lab-scale and pilot-scale systems, for example, this study and the PHA production,^[@ref77]^ may have lower yields than commercial-scale systems such as large-scale AD.^[@ref35],[@ref79]^ On the other hand, after giving environmental credentials to the product, the PHA production appears to be a more environmentally sustainable option for managing organic waste than AD.^[@ref77]^ We anticipate the same outcome after the caproic acid is credited for the environmental impacts it avoided by using chain elongation production process. Future LCA studies should therefore identify an application for the produced caproic acid, which is useful for giving caproic acid an environmental credential and for further evaluating its environmental performance.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.est.6b06220](http://pubs.acs.org/doi/abs/10.1021/acs.est.6b06220).Explanation for excluding the feedstock emissions and environmental impacts. Detailed description for the caproic acid production system based on chain elongation. Sensitivity analysis for the extraction solvent and the base. Table S1, overview of parameters used for life cycle inventory; Table S2, overview of parameters used for life cycle impact assessment; Table S3, the setup of three baseline case studies; Table S4, overview of the parameters used for sensitivity analysis; Table S5, the overview of the results of the sensitivity analysis, in terms of the absolute value of the life-cycle impacts. Table S6, overview of data used for the comparison section in the discussion ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b06220/suppl_file/es6b06220_si_001.pdf))
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AP

:   acidification potential

BAc

:   biological acidification

CAc

:   chemical acidification

Case LO

:   Lab-scale system employing OFMSW as the feedstock

Case LS

:   Lab-scale system employing SFW as the feedstock

Case PS

:   Pilot-scale system employing SFW as the feedstock

CE

:   chain elongation

CH~4~

:   methane

CO~2~

:   carbon dioxide

CO~2~-eq

:   carbon dioxide equivalent

CPO

:   crude palm oil

Ds

:   distillation

EP

:   eutrophication potential

f.u

:   functional unit

GHG

:   greenhouse gases

GWP

:   global warming potential

HCl

:   hydrochloric acid

kg

:   kilogram

LCA

:   life cycle assessment

LCI

:   life cycle inventory

LCIA

:   life cycle impact assessment

LLEx

:   liquid--liquid extraction

LSS

:   liquid--solid separation

MCFA

:   medium-chain fatty acids

NaOH

:   sodium hydroxide

OFMSW

:   organic fraction of municipal solid waste

PKO

:   palm kernel oil

PO~4~^3--^-eq

:   phosphate equivalent

SCFA

:   short-chain fatty acids

SFW

:   supermarket food waste

SO~2~-eq

:   sulfur dioxide equivalent
